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The performance of a single-chamber solid oxide fuel cell was studied using a ceria-based solid electrolyte at temperatures below 773 kelvin. Electromotive forces of ϳ900 millivolts were generated from the cell in a flowing mixture of ethane or propane and air, where the solid electrolyte functioned as a purely ionic conductor. The electrode-reaction resistance was negligibly small in the total internal resistances of the cell. The resulting peak power density reached 403 and 101 milliwatts per square centimeter at 773 and 623 kelvin, respectively.
Fuel cells are widely viewed as a promising source of low-emission power generation for vehicles. There is great controversy over which fuel should be used. Polymer electrolyte fuel cells (PEFCs) exhibit high power densities at low temperatures (ϳ353 K), but they require hydrogen as the fuel, which is impractical in terms of storage and handling. An external reformer can be used to convert alcohols and hydrocarbons into hydrogen, but their portability is inferior. There have been recent successes with solid oxide fuel cells (SOFCs), which perform well between 823 and 973 K using methane (1) and n-butane (2) directly as the fuels. A further reduction in the operating temperature of SOFCs and an enhancement in their thermal and mechanical shock resistance would make this technology a promising alternative to PEFCs. A type of fuel cell that consists of only one gas chamber, where both the anode and the cathode are exposed to the same mixture of fuel and air, has been proposed by many researchers (3) (4) (5) (6) (7) (8) . This design is more shock resistant than conventional fuel cells, both thermally and mechanically. We have recently succeeded in applying this single-chamber cell design to a SOFC constructed from yttria-stabilized zirconia (YSZ), which is commonly used as a solid electrolyte in SOFCs, with a Ni-based anode and a perovskite cathode (9) . This SOFC, however, must operate at the high temperature of 1223 K to achieve sufficient ionic conduction in the solid electrolyte.
Different cation-doped ceria, notably samaria-doped ceria (SDC), have much higher ionic conduction than YSZ in an oxidizing atmosphere, whereas they show n-type semiconduction in a reducing atmosphere (10, 11) . Because the resulting electromotive force (EMF) of the SOFC is lower than the theoretical value, the SDC electrolyte has so far been regarded as unsuitable for such applications. However, the partial pressure of oxygen at the boundary of the two atmospheres becomes gradually lower as the operating temperature decreases (12) , which suggests that the SDC electrolyte can be used even under fuel cell conditions, provided it operates at extremely low temperatures. In this report, we demonstrate a low-temperature SOFC by combining the advantages of the SDC electrolyte with the single-chamber cell design.
The SDC electrolyte we used here was prepared by pressing a commercial ceramic powder, Ce 0.8 Sm 0.2 O 1.9 (Anan Kasei Co. Ltd.), hydrostatically into a pellet at 2 ϫ 10 3 kg cm
Ϫ2
and then sintering in air at 1773 K for 10 hours.
After the pellet was cut into a disk (diameter 14 mm, thickness ϳ1 mm), the SDC disk surface was polished to a given thickness (0.15 to 0.50 mm) with an abrasive paper. YSZ (8 mol% yttria) and La 0.9 Sr 0.1 Gd 0.8 Mg 0.2 O 3 (LSGM) were used as solid electrolytes for comparison. Preliminary experiments revealed that 10 weight % SDC-containing Ni and Sm 0.5 Sr 0.5 CoO 3 electrodes best functioned as the anode and the cathode, respectively. These pastes were smeared on the opposite surfaces (area 0.5 cm 2 ) of the SDC disk, followed by calcining in air at 1223 K for 4 hours. The cell thus fabricated was placed in an alumina tube (inner and outer diameters 15 and 19 mm, respectively). Methane, ethane, and propane were mixed with air for each of the respective concentrations-30 volume % for methane, 18 volume % for ethane, and 14 volume % for propane-so that the oxidation would proceed safely without exploding (the explosive limits of methane, ethane, and propane in air are 15.0, 12.5, and 9.5 volume %, respectively). The gas mixture was supplied to the cell at flow rates of 300 ml min Ϫ1 between 623 and 773 K (Fig. 1) .
When the single-chamber SOFCs using SDC, YSZ, and LSGM with a thickness of 0.50 mm were supplied with a mixture of ethane and air at 773 K, all three cells generated stable EMFs of ϳ920 mV, where the 1 Department of Structure Formation Process, National Industrial Research Institute of Nagoya, Nagoya 462-8510, Japan. 2 Graduate School of Human Information, Nagoya University, Nagoya 466-0804, Japan.
*To whom correspondence should be addressed. Email: thibino@nirin.go.jp potential of the 10 weight % SDC-containing Ni electrode was negative versus the Sm 0.5 Sr 0.5 CoO 3 electrode (Fig. 2) . From the analysis of the outlet gas from the cell having only the 10 weight % SDC-containing Ni or Sm 0.5 Sr 0.5 CoO 3 electrode, it was found that the partial oxidation of ethane by oxygen proceeded to form a large amount of hydrogen and carbon monoxide over the 10 weight % SDC-containing Ni electrodes, whereas such an oxidation proceeded at a very slow rate over the Sm 0.5 Sr 0.5 CoO 3 electrode. Therefore, it can be predicted that the potential of the 10 weight % SDC-containing Ni electrode is determined by the partial pressure of oxygen in its vicinity after the following reactions attain equilibrium:
[For details on Eq. 1, see (13) .] Hence, this electrode will show a significantly negative potential. On the other hand, the potential of the Sm 0.5 Sr 0.5 CoO 3 electrode is a mixed potential based on the following reactions:
The large EMF values stated above, however, suggest that this electrode favors Eq. 4 rather than Eqs. 5 or 6, because the potential determined by Eq. 4 is much less negative than those determined by Eqs. 5 and 6. The similarity in EMF values among the three cells (Fig. 2) means that the SDC behaved as a purely ionic conductor during operation in a similar manner to the other solid electrolytes [the equilibrium partial pressure of oxygen in the gas mixture under the present conditions, ϳ10 Ϫ19 atoms, is in the range of the electrolytic domain at 773 K (12)]. Although current could be drawn from the three cells, the voltage drop was the least in the cell using the SDC. The impedance spectra of the three cells further clarified this point (Fig. 3) . The order of the ohmic resistance was SDC Ͻ LSGM Ͻ YSZ, which can be predicted from their ionic conductivities at 773 K. More important was the extremely small electrode-reaction resistance of 0.24 ohms observed on the cell using the SDC, suggesting that the cell performance would be improved using an even thinner SDC film. It has been reported that when the charge transfer reaction at the three-phase (gas-electrode-electrolyte) boundary is a rate-determining step in the electrode reaction, the anodic or cathodic reactions (or both) are promoted as the ionic conductivity of the solid electrolyte increases (14) , which best explains why the cell using the SDC exhibited the smallest electrode-reaction resistance.
Evidence for the above suggestion is provided by the discharge properties of the singlechamber SOFC using SDC of different thicknesses in a flowing mixture of ethane and air at 773 K (Fig. 4) . The voltage drop during cell discharge was strongly dependent on the thickness of the SDC, which resulted in an increasing power density with decreasing thickness of the SDC. In the cells using LSGM and YSZ, there was little correlation between the power density and the thickness of the solid electrolyte, because of their large electrodereaction resistances. For example, the power density of the cell using LSGM increased from 90 to no more than 140 mW cm Ϫ2 as thickness decreased from 0.5 to 0.15 mm.
The partial oxidation of ethane represented by Eq. 1 is thermodynamically possible even below 773 K:
where ⌬G°is Gibbs free energy. We therefore studied the performance of the single-chamber SOFC using SDC with a thickness of 0.15 mm under such conditions (Fig. 5) . In the range of 623 to 723 K, the cell generated EMFs of ϳ900 mV, and the discharge properties were stable and reproducible. No carbon deposition was observed on the anode after operation. In addition, the impedance spectra of the cell showed small electrode-reaction resistances: 0.34 ohms for 723 K, 0.79 ohms for 673 K, and 1.64 ohms for 623 K. It appears that such fast electrode kinetics clean the precursors for carbon formation on the anode. Figure 5 also shows the corresponding results for the other hydrocarbons. The cell performance in a mixture of propane and air was similar to that in a mixture of ethane and air, except at 723 K, where the Sm 0.5 Sr 0.5 CoO 3 electrode could not function well as the cathode, because this material was no longer inert to the oxidation of propane. On the other hand, the EMFs generated from the cell in a mixture of methane and air were only ϳ120 mV throughout the tested temperature range, where the oxidation rate of methane was too slow to form hydrogen and carbon monoxide over the 10 weight % SDC-containing Ni anode, probably causing a depression in Eqs. 2 and 3. We thus conclude that ethane and propane can be successfully used in the present SOFC at an operating temperature of 773 K or less. Because of their similar properties, we can assume that liquefied petroleum gas (LPG) or even butane would perform equally well.
The present SOFC has several additional advantages over PEFCs: (i) The anode is not subject to poisoning by carbon monoxide, whereas it is a critical problem for PEFCs (15, 16) . (ii) There is no noble metal, such as Pt, in our SOFC, so fabrication costs are low. (iii) Although PEFCs themselves can operate at low temperatures, the hydrocarbon reformer (17) must operate at a higher temperature than our SOFC. (iv) The single-chamber cell design provides a more compact cell stack. These advantages, as well as the above results, greatly enhance the position of SOFCs as the preferred electric power generation technique for vehicles in the foreseeable future.
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Visible and near-infrared spectroscopic observations of the asteroid 1459 Magnya indicate that it has a basaltic surface. Magnya is at 3.15 astronomical units (AU) from the sun and has no known dynamical link to any family, to any nearby large asteroid, or to asteroid 4 Vesta at 2.36 AU, which is the only other known large basaltic asteroid. We show that the region of the belt around Magnya is densely filled by mean-motion resonances, generating slow orbital diffusion processes and providing a potential mechanism for removing other basaltic fragments that may have been created on the same parent body as Magnya. Magnya may represent a rare surviving fragment from a larger, differentiated planetesimal that was disrupted long ago.
The diversity of compositions of iron meteorites and nonchondritic stony meteorites (1) suggests an early period of heating, melting, and differentiation of planetesimals that were later disrupted and became asteroids in the main belt rather than accreting to form planets. In the main belt today, only the large (525-km diameter) asteroid Vesta (2-4) and its associated family of impact excavated fragments (5-9) have been considered to be basaltic remnants (representing the crust of a differentiated planetesimal) from this early epoch of solar system history. We report observations of a 30-km outer main-belt asteroid, 1459 Magnya, that also shows the characteristic signature of a basaltic surface.
In September 1998, we performed spectroscopic observations of Magnya that indicated its possible basaltic composition (10) at the European Southern Observatory at La Silla (ESO-Chile) (11) . Additional observations of this asteroid were obtained in November 1999 and January 2000 with the double spectrograph on the 5-m Hale telescope at Palomar Observatory and in December 1999 with NSFCAM on the 3-m NASA Infrared Telescope Facility (IRTF) at Mauna Kea, Hawaii (12) .
The ESO, Palomar, and Mauna Kea spectra of Magnya compared with the spectra of Vesta (Fig. 1) show similar absorptions near 1 and 2 m, indicating a basaltic composition for Magnya. The basaltic nature of these surfaces is further confirmed by their match to basaltic achondrite meteorites, such as meteorites from the howardite, eucrite, and diogenite (HED) classes. Although Vesta has been suggested as a source for HED meteorites (7) (8) (9) 13) , the implied ejection velocity (7, 8) for a fragment the size of Magnya being ejected from Vesta (at semimajor axis, a, of 2.36 AU) to Magnya's present location (a ϭ 3.14 AU, e ϭ 0.24, and i ϭ 17°, where e and i are the orbit eccentricity and inclination, respectively) is in excess of 5 km/s. We consider this high velocity to exceed any plausible limit for linking Magnya as a fragment directly ejected from Vesta. The orbits of Magnya and Vesta do overlap (the perihelion distance of Magnya is less than the aphelion distance of Vesta), leaving open some possibility that Magnya is an ejected and dynamically evolved fragment from Vesta. However, the lack of other evidence for such a dynamical evolution of the Vesta family (5-8) makes this link unlikely. Therefore, we consid-
